The aim of this descriptive study was to investigate the relationships between serum antibody responses to different mycobacteria in leprosy patients and contacts. The results of ELISAs for serum antibody against whole mycobacteria (Mycobacterium leprae, M. tuberculosis, and M. scrofulaceum) were compared with the results of an M. leprae-specific ELISA for antibody against an epitope of PGLl. The IgG response was found to be predominant in ELISAs for antibody directed against whole M. leprae, while the IgM response was greatest in the assay for antibody against PGLl. Some healthy hospital workers were fo und to have appreciable levels of IgM anti-PGLl. Since infection in this group is unlikely, chronic exposure may result in humoral responses to PGLl in addition to subclinical leprosy. None of the ELISAs studied were able to give greater than a 55% sensitivity at 95% specificity and none were considered suitable for serodiagnostic use.
serodiagnosis as ELISAs or RIAs using antigens specific to M. leprae, 11 . 1 2 but whole mycobacterial assays have proved useful in descriptive studies of humoral immunity in leprosy patients.
The highest levels of antibody to antigens of M. leprae are generally found in lepromatous patients, while few tuberculoid patients or contacts have positive titres, although there is considerable variation in the levels within each group on the Ridley-Jopling scale. Antibody is produced against a wide variety of antigens in the serum of leprosy patients. '3-' 6 The majority of these antigens cross-react with antibody to other mycobacteria, but have nevertheless proved useful in studies of immunity in leprosy using radioimmunoassay (RIA).6,1 I ,17 Species-specific antigens such as the phenolic glycolipid PGLl which coats the surface of the leprosy bacillus have been described more recently. I S The highest titres of antibody to PGLI occur in lepromatous patients and the response is predominantly of the IgM subclass.'9 Since IgM responses are thought to occur at an early stage in the development ofleprosy,20 serodiagnosis ofleprosy seemed to be eminently fe asible. A number of newer ELISAs based on synthetic glycoconjugates which mimic the immunogenic epitope of PGL l 2 1,22 or monoclonal antibody inhibition23-25 are now available. The more recent assay methods are said to provide good separation of healthy individuals from patients and are not confused by the presence of immunity to other species of mycobacteria, although their ability to detect subclinical or indeterminate leprosy under field conditions has yet to be proven. 16 The aim of most recent studies of antibody levels in the serum of leprosy patients and their contacts has been the production of a diagnostic test for leprosy at a subclinical stage, before nerve damage and transmission of the disease have occurred.6 .2 6 In some studies, an additional objective has been to identify those members of a population who are at risk of leprosy. The object of the present investigation was to compare serum antibody levels against several different mycobacteria in leprosy patients and their contacts with an M. leprae-specific assay for antibody against PGLl, to clarify the role of the humoral response in the pathogenesis of the disease. Since cross-reacting antibodies against antigens shared by several species of mycobacteria are part of the humoral immune response to M. leprae and may be of pathological significance, the lack of strict serological specificity of the methods used for their detection was not a major consideration.
Materials and methods

SUB JECTS
During a field study in the North-east of Bangladesh in 1986, a total of 253 subjects were examined, as described previously.27 The subjects were divided into 5 groups: 52 untreated leprosy patients, 53 treated leprosy patients, 78 household contacts of untreated patients, 20 hospital contacts, and 50 indigenous 'control' subjects. Since the control group was drawn from a population with a high prevalence of leprosy, it should be noted that many will have been exposed to leprosy and that a few might even have subclinical leprosy. Serum samples were obtained by venepuncture and preserved for transport back to Scotland by the addition of sodium azide to a final concentration of 0·5 mg/ml serum. Only 10 of the serum samples were lost in transit. Skin biopsies were taken from 41 of the untreated leprosy patients and from II of the treated leprosy patients to confirm the diagnosis and their Ridley-Jopling classification. Of the 52 new patients, 4 were classified as TT, 23 BT, I BB, 9BL, 8 LL, and 7 Idt. The treated group consisted of 29 BT, I BB, 9 BL, and 14 LL patients. The serum samples brought back from Bangladesh were centrifuged and divided into aliquots which were frozen at -20°C if they were not required immediately.
ELISA METHODS
Two assays were used during this study: the first was intended to detect all antibody directed against the external surface of whole mycobacteria, while the second was an M. leprae-specific assay which has been shown to detect antibody directed against a single epitope of PGLl.2 1 A serum standard composed of equal quantities of serum from 5 multi bacillary patients was used as a positive control in screening experiments in which up to 264 samples were assayed simultaneously. Twelve sera from healthy Scottish volunteers were used as leprosy-negative controls. All of the sera were assayed for IgA; IgG and IgM antibodies against whole M. leprae and against the BSA glycoconjugate. In fu rther experiments, whole y-irradiated M. scrofulaceum and M. tuberculosis were substituted for M. leprae and all of the sera were assayed for polyvalent antibody activity against these mycobacteria.
ELISA with whole, y-irradiated mycobacteria An ELISA method for detecting antibody against whole M. leprae was developed from published methods.9. 1 9 .28 Polystyrene ELISA plates were treated with 0·1 % gelatine prior to coating on the bacilli to reduce the background absorbance and improve bacterial adhesion to the plates. Whole y irradiated mycobacteria of 3 species (armadillo-derived M. leprae batch CD67, M. tuberculosis, strain H37Rv and M. scrofulaceum) were donated for this study by DR R J W Rees (Division of Communicable Diseases, Clinical Research Centre, Harrow). The whole bacilli at a concentration of 2 x 107jml were suspended in a volatile ammonium carbonate buffer (pH 8·2) and dried onto the plates overnight at 37°C. 9 Following blocking with 5% normal goat serum (NGS) in 0·01 M phosphate buffered saline (PBS), pH 7, 1, the serum samples were added at a dilution of 1 :200 in 5%NGS and the plates were incubated at 37°C for 60 min. Tween and other detergents were avoided as both blocking and washing agents in order to conserve lipids on the external surface of the bacilli. 29 The plates were washed with 1% BSA in PBS and antihuman immunoglobulin-horseradish peroxidase (HRP) conjugate (Sigma, Poole, Dorset, UK) was added at a 1 : 1000 dilution in PBS. In some assays class specific second antibody was used: in others, polyvalent second antibody was employed. The peroxidase substrate, o-phenylene-diamine (O-PD), was prepared freshly for each experiment as a 0·4 mgjml solution in citrate phosphate buffer (pH 5'0).2 1 Hydrogen peroxide was added immediately before use at a concentration of 0·05%. The reaction was stopped after 30-min incubation with 2·5 N sulphuric acid.
ELISA using BSA glycoconjugate
The ELISA method developed by Brett et aUI (Batch No. 11, provided by Dr R J W Rees) uses a glycoconjugate of BSA which mimics the M. leprae-specific epitope of PGL l and consists of the intact terminal disaccharide of the natural antigen linked to BSA by reductive amination. Since no lipid is present, coating of the antigen onto the plates is easier and there is no need to avoid the use of detergents such as Tween in the assay method. To reduce levels of nonspecific IgM binding in control wells without the glycoconjugate, the method was modified slightly by changing the diluent used with test samples from the BSAjTweenjPBS wash to 5% normal goat serum +0'5% Tween 20 in PBS, pH 7·2.
Analysis of Results. Since O-PD was used as the substrate in both ELlSAs, the results were expressed as the absorbance at 490 nm, measured using a Dynatech MR580 MicroELlSA autoreader. The results from individual patients are expressed as the mean absorbance of triplicate wells coated with M. leprae minus the absorbance of a single well which did not contain M. leprae.
Triplicate antigen-coated wells were used in preference to duplicate wells to produce data from each experiment which could be used to assess the variability of the results. The background absorbance in control wells without bacteria was < 30% of the serum standard and the coefficient of variation (CoY) in the results from uncoated or coated wells was < 15%. There was less variation of the results in the BSA glycoconjugate ELISA (CoY < 5%), probably attributable to the more reliable coating obtained with a soluble antigen. Since it was desirable to perform simultaneous assays on all of the sera at once and only 11 plates could be physically handled in one ELISA, single uncoated wells were used to estimate the background absorbance with each sample.
Comparison of the ability of the various ELISAs to discriminate between patients and nonpatients was performed by defining an arbitrary cut-off point as the absorbance at which 95% of the healthy subjects would be regarded as negative. Approximately 5% of the healthy contacts of leprosy patients are likely to be developing the disease at any one time,30 although the exact figure will vary between different geographical areas. Alternative methods for the assessment of ELISA positivity rely upon data from a disease-free control population from the same area as the test population, a requirement which was not available in this studyY
The results were analysed using SPSS, version H, release 9'1, on a DEClO mainframe computer and Statgraphics, version 2·0 (STSC, California, USA). Since results from the ELISAs did not conform to a normal distribution, the relationship between individual ELISAs was examined using the Spearman rank correlation coefficient.
Results
The results of ELISAs for antibody of IgG, IgM, and IgA subclasses directed against M. leprae in each group of subjects are shown in Figure lea) , (b) and (c) respectively. The highest absorbances at 490 nm occurred in ELISAs for IgG antibody against M. leprae in sera from patients, with few positive results in the other groups. The absorbances for IgM and IgA antibodies were considerably lower and did not show good separation of patients from healthy subjects. ELISAs to detect polyvalent antibody against whole y-irradiated M. scrofulaceum and M. tuberculosis in serum were also performed (Figure 2(a) and (b» . These show some separation of the groups with high levels of antibody in many of the patients and relatively few positive results in the healthy subjects. The difference is most marked in the assay with M. tuberculosis as antigen.
The results of the ELISA for IgM against the BSA glycoconjugate are shown in Figure 2 (c): there are many patient sera with high absorbances and there are also occasional positive results among the healthy contacts. High levels ofIgG and IgA against this epitope ofPGLl were found in the patient groups, but none in the healthy subjects (results not shown). However, the absorbances in the IgM ELISA with BSA glycoconjugate were much higher at the same serum dilution than the IgG and IgA assays.
Comparison of the whole cell ELISA results against grade on the Ridley-Jopling scale32,33 for sera from the treated and untreated patients shows no convincing pattern in the ELISAs for IgG against M. leprae (Figure 3 (a» or in the other immunoglobulin subclasses, but there is a graded antibody response across the spectrum with M. tuberculosis (Figure 3 (b» and M. scrofulaceum, with the highest levels in the lepromatous patients. There is also a graded response in the ELISA for serum IgM against BSA-glycoconjugate (Figure 3 (c» , which is less marked in the IgG assay and least strong in the IgA assay. Furthermore, when the results for the treated lepromatous patients are compared with the untreated patients, the absorbances in the treated group appear to be lower, although this apparent diminution in the IgM response to BSA-glycoconjugate is not statistically significant.
Correlation of the results from each individual for the different assays performed using the Spearman rank correlation coefficient reveals the existence of some relationships between the assay results, although in many cases these are not particularly strong. The results from different immunoglobulin subclasses for whole M. leprae correlate poorly within the study population and within the subject groups. There is a small correlation between the results from the BSA glycoconjugate ELISAs for different immunoglobulin subgroups, suggesting that the results with whole M. leprae are complicated by the different degree of response within each immunoglobulin subgroup to the many antigens present in the ELISA using whole mycobacteria. Good correlation (r =0·59, p < 0·000 1) was observed between the responses to whole M. tuberculosis and whole M. scrofulaceum in the study population. This is presumably due to extensive similarity between the surface antigens of these two species. A, Household contacts; B, Hospital con tacts; C, Untreated patients; D, Treated patients; E, Indigenous 'control' group.
ML, M. leprae; BSA-C, BSA glycoconju gate; TB, M. tuberculosis; SC, M. scrofulaceum; n, Number of subjects (missing values excluded).
NB. The 95% limit was calculated by taking the 8th highest value of the results from the healthy subject groups (A, B and E) as the cut-off value.
When all of the subjects are considered together, the IgG response to M. leprae shows significant correlation with the serum antibody response to both M. tuberculosis (r = 0'46, P < 0·000 I) and M. scrofulaceum (r = o· 38, p < 0·000 I). The correlations are of similar strength in the untreated patient group (r = 0-47, p < 0·001 and r= 0'36, p < 0'01), but only the antibody response to M. tuberculosis correlates significantly in the treated patient group (r = O· 31, p < 0·05) and there are no significant differences in the healthy subject groups. These observations may be attributable to cross-reaction between different species in the whole microbial cell ELISA, but there is also a significant correlation between the serum antibody response to M. tuberculosis or M. scrofulaceum and the IgM response to BSA-glycoconjugate from all the subjects (r = 0·47, p<O·OOO I and r=0·41, p < 0·000 I respectively). Stronger correlations between the results of these ELISAs also occur in the untreated patients (r = 0 , 68, p < 0·000 1 and r = O· 52, P = 0·0003 respectively), but not in the other subject groups. There was no correlation between the serum IgM response to BSA-glycoconjugate and the serum IgM response to whole M. leprae, although there was some correlation with the IgG and IgA responses to M. lep rae (r = 0'34, p < 0·001 and r=0'17, p < 0·008 respectively).
The percentage of positive antibody responses for each group was estimated using a cut-off point calculated by regarding 95% of the individuals in the normal subject groups as negative. The results are shown in Table I . The assays offering the best discrimination between patients and healthy subjects were: I, IgG to whole M. leprae; 2, IgM to BSA glycoconjugate; and 3, antibody of any subclass to whole M. tuberculosis. However none were able to distinguish reliably between healthy subjects and paucibacillary patients.
Discussion
The two ELISAs employed in this study allowed the detection of antibody against I M. leprae-specific glycolipid epitope on the surface of the organism and against a wide variety of antigens expressed on the surface of 3 mycobacterial species. This contrast was designed to give an overview of the humoral responses to M. leprae and other mycobacteria in each subject group.
The results of the present ELISA studies to whole y-irradiated mycobacteria are similar to those fo und by other workers using whole bacilli as antigen.8•lO,29 More of the subjects produce an IgG response than either IgM or IgA and the absorbances in the IgG ELISA are higher than they are for the other classes of immunoglobulin. Moreover, the subjects show a similar response to other species of mycobacteria (in this case, M. tuberculosis and M. scrofulaceum), confirming the findings of Douglas et al.lO In patients, the lack of a graded antibody response to M. leprae across the spectrum of disease from TT to LL (Figure 3 (a» is probably in part due to the inclusion of treated patients in the results, although there is certainly great variation in the antibody response within each grade and some untreated lepromatous patients show low levels of antibody activity in all of the ELlSAs (Figures 3(a), (b) 
The serum IgM response to BSA glycoconjugate 112 1 is considerably greater than the IgG or IgA response, This is in keeping with the results of other studies using PGLl or synthetic glycoconjugates,2 1 .22 all of which have shown that the IgM response to this determinant is immunodominant. 19 However, it appears that several of the hospital contacts have a significant titre of IgM antibody to the BSA conjugate in their serum (Figure 2 (c» which may reflect chronic exposure to M. leprae. Thus chronic exposure as well as infection may be important in producing serological antibody responses to this particular antigen and this may complicate attempts to use this ELISA as a serological tool for diagnosis. Many of the treated patients in this study had only been treated for a few months and it is therefore not surprising that few differences between treated and untreated patients are apparent in the ELISA results.
Correlation of the various ELISA results for individual subjects shows that there is linkage between the antibody responses to M. leprae and M. tuberculosis. The same is true of M. leprae and M. scrofulaceum, but to a lesser extent. Since there is considerable difference between the surface antigens of M. leprae and M. tuberculosis, the explanation may lie in the host response to common external antigens. However, the smallest correlation between the whole mycobacterial assays and the BSA-glycoconjugate assay occurred with M. leprae and the strongest with M. tuberculosis. Induction of cross-reactive antibodies might explain this, but infection with M. leprae could also produce general stimulation of immunological memory for mycobacterial antigens resulting in co responses to antigens belonging to other mycobacteria. Such a link might well have survival value, since exposure to different, antigenically related organisms is an everyday occurrence. Further evidence for 'co-responsiveness' may come from specific assays for antibody responses to individual antigenic determinants specific to different species of related mycobacteria.34 A similar phenome non, known as 'original antigenic sin,' has been described by Ivanyi. 35 The serum antibody response to external antigens of M. leprae is a complex one, with many antigens involved, some of which cross-react with other mycobacterial species. Responses to different antigens may be dominant in the different immunoglobulin subclasses. These differences have already proved useful in the development of tests for subclinical leprosy and may be exploited fu rther. In this study, the response to M. tuberculosis offered the best discrimination between patients and healthy subjects with a 55% sensitivity at 95% specificity.36 Addition of other responses to form an index does not significantly improve the sensitivity, due to their correlation with the M. tuberculosis response and their low intrinsic sensitivity. Antigen capture assays using monoclonal antibodies may provide a better alternative for early diagnosis ofleprosy, since these do not depend upon the host response to the infection.3H9 Bangladesh and Mr R Fawkes for preparing the figures. We are grateful to Professor C du Florey for help in analysing the data. lAC was supported by the award of the Becton-Dickinson Travelling Scholarship by the Royal College of Pathologists and by LEPRA.
